We demonstrate theoretically the existence of one-way electromagnetic modes in a waveguide formed between a semi-infinite photonic crystal structure and a semi-infinite metal region under a static magnetic field. Such a waveguide provides a frequency range where only one propagating direction is allowed. In this frequency range, disorder-induced scattering is completely suppressed. Such a waveguide also modifies the basic properties of waveguide-cavity interaction. DOI: 10.1103/PhysRevLett.100.023902 PACS numbers: 42.70.Qs, 41.20.Jb Understanding and controlling the effects of disorders on wave propagation are becoming increasingly important for nanodevices. In general, the effects of disorders are drastically influenced by time-reversal symmetry properties. In reciprocal nanophotonic systems, which include most photonic crystals and plasmonic waveguides, at any given frequency, for each forward propagating mode, there is a corresponding backward mode with identical mode shapes. In the presence of disorders, these two modes, having maximal modal overlap, always scatter into each other, resulting in backreflection. Such backreflection can be particularly worrisome for slow light systems, which are of current interest for optical signal processing applications. As the group velocity v g is reduced, the backreflection increases as 1=v g 2 , and in the limit of v g ! 0 may dominate over all other loss mechanisms [1, 2] .
Understanding and controlling the effects of disorders on wave propagation are becoming increasingly important for nanodevices. In general, the effects of disorders are drastically influenced by time-reversal symmetry properties. In reciprocal nanophotonic systems, which include most photonic crystals and plasmonic waveguides, at any given frequency, for each forward propagating mode, there is a corresponding backward mode with identical mode shapes. In the presence of disorders, these two modes, having maximal modal overlap, always scatter into each other, resulting in backreflection. Such backreflection can be particularly worrisome for slow light systems, which are of current interest for optical signal processing applications. As the group velocity v g is reduced, the backreflection increases as 1=v g 2 , and in the limit of v g ! 0 may dominate over all other loss mechanisms [1, 2] .
In systems with broken time-reversal symmetry, the effect of disorders can be suppressed with the use of a one-way waveguide. Such a waveguide possesses a oneway frequency range where only a forward propagating mode is allowed, with neither radiation nor backward modes. For electrons, an example of a one-way waveguide is the edge states in the quantum hall system [3] . For photons, a design has been proposed in [4, 5] , which relies upon the presence of a degenerate Dirac point in a reciprocal photonic crystal. Breaking time-reversal symmetry lifts the degeneracy at the Dirac point and creates a band gap. An edge state introduced into this gap then behaves as a one-way waveguide. However, in practical systems, the size of this gap is small since the strength of time-reversal symmetry breaking is generally weak. Thus, it is unclear whether the gap itself will survive disorder and provide the protection against scattering. Indeed, no detailed simulations on the effects of disorders are provided in [4, 5] .
In this Letter we present a different mechanism for creating a one-way waveguide. The waveguide is formed at the interface between a dielectric photonic crystal that is assumed to be reciprocal, and a free-electron plasmonic metal under a static magnetic field along the direction perpendicular to the plane of propagation [ Fig. 1(a) ]. We show that such a waveguide is one-way, provided that the surface-plasmon frequency of the metal surface lies within the band gap of the photonic crystal. In such a system, the presence of the band gap is intrinsic to the photonic crystal and the metal itself, independent of time-reversal symmetry breaking. Hence the gap can be made very large in size and can survive significant disorders [6] . As a proof of concept, we present direct numerical evidence demonstrating suppression of disorder effects. We also show that the nature of waveguide-cavity interaction, which is at the heart of many integrated devices, can be fundamentally altered.
The design of the structure in Fig. 1 (a) relies upon magnetic-field induced nonreciprocity of surface plasmons [7] . In the presence of static magnetic field B in the z direction, the dielectric permittivity of the metal is described by a tensor [8] :
where ! P is the bulk plasmon frequency, ! B eB m is the cyclotron frequency, decay time characterizes metal loss, e is the electron charge, and m is the electron mass. When the loss is assumed to be infinitesimal, the interface between such a metal and air [ Fig. 1(b) ] supports surface plasmon with dispersion relation:
where
, and c is the speed of light in vacuum. This dispersion relation, with ! B 0:1! P , is plotted in Fig. 1(c) . The linear term of k y in Eq. (2) breaks the left-right symmetry of the dispersion relation. In the limit of ! B ! P , the frequencies of the left and right propagating modes approach upper limits of
Within the ''one-way'' frequency range ! SPL < ! < ! SPR , surface plasmon can only propagate in one direction.
The structure as shown in Fig. 1(b) is not an exact oneway waveguide, since radiation modes are always present at any frequency [ Fig. 1(c) ]. To eliminate radiation modes, we place the metal in close proximity to a photonic crystal consisting of a square array of dielectric veins in air [ Fig. 1(a) ]. We choose the periodicity a of the crystal such that the frequency range ! SPL < ! < ! SPR falls within the photonic band gap. Also, we truncate the crystal in such a way without creating any surface mode [9] . The resulting structure is an exact one-way waveguide: In the frequency range [0:66! P , 0:76! P ] there exist modes propagating along the y direction but no other modes [ Fig. 1(d) ]. This range coincides with the one-way range for the surface plasmons. The lowest band for the right moving modes has substantial bandwidth, and will be used in the following simulations.
We emphasize that one-way waveguide in general does not violate the Bloch theorem. For any periodic system, the Bloch theorem dictates that ! a !ÿ a , and hence the band structure must be continuous across the Brillouin zone boundary. Most nonreciprocal photonic structures [10 -19] have a dispersion relation where the two modes with equal frequencies at Brillouin zone boundaries belong to the same band [ Fig. 2(a) ]. The continuity of the bands then implies that at any frequency within the band, there are necessarily at least two modes with group velocities d! dk having opposite signs. These structures [10 -19] therefore are not one-way waveguides. In contrast, the dispersion relation of our structure shown in Fig. 2(b) is very different: It satisfies the Bloch theorem since two equalfrequency modes at k a belong to different bands. As a result, the frequency of a band can vary monotonically in the entire Brillouin zone without violating the Bloch theorem.
We numerically investigated the transport properties of our one-way waveguide using the finite-difference frequency-domain method [20, 21] . As a direct visualization of the one-way property, in the one-way frequency range a point source in the waveguide radiates only to one direction [ Fig. 2(c) ]. Moreover, most importantly, such waveguide suppresses disorder-induced backscattering. To simulate the effect of disorders, we place metallic particles in the middle of the waveguide [ Fig. 3(a) ]. In Fig. 1(a) . In both (a) and (b), the modes at the Brillouin zone edge are highlighted by dots, and dashed lines connect the modes that have the same frequency. (c) Magnetic-field distribution of a propagating wave excited by a dipole source placed in the waveguide structure shown in Fig. 1(a) , with a frequency ! 0:68! P . the absence of external magnetic field (! B 0), the waveguide is reciprocal and these particles cause significant backreflection. Also, as a result of multiple reflections between the particles, the transmission spectra depend sensitively on the numbers and the detailed positions of the particles [dashed lines in Figs. 3(b) and 3(c) ]. In contrast, in the presence of an external magnetic field (! B 0:1! P ), above ! SPL 0:66! P , no backreflection is observed [ Fig. 3(a) ]. The absence of backreflection is independent of the specific properties of the scatterers. For example, we see no observable differences in this frequency range as we vary the number of particles [solid lines in Figs. 3(b) and 3(c)] .
The use of a one-way waveguide also fundamentally alters the properties of waveguide-cavity interaction. As an example, we consider the tunneling between two waveguides through a singly degenerate localized resonance [Figs. 4(a) and 4(b) ]. The resonance couples to both waveguides to create frequency-selective transfer between the waveguides. In the case of reciprocal waveguides, the resonance decays into both the forward and backward directions [ Fig. 4(a) ]. Hence at resonance there is always significant reflection, and the transfer occurs to both directions of the output waveguide. On the other hand, with the use of one-way waveguides, the resonator decays only along a single direction into each waveguide [ Fig. 4(b) ]. Consequently, not only is the reflection fundamentally suppressed, but also at resonance complete transfer occurs to only a single direction of the output waveguide. Hence the structure allows complete channel add or drop filter with a single-mode standing-wave resonator. This is in contrast with all previously considered add or drop filter systems [22 -24] , including those with magneto-optical materials [22, 23] , which all use the equivalent of a rotating state to allow for complete transfer [24] .
We confirm the arguments above by numerically simulating the structure shown in Fig. 4(c) . Two waveguides are formed in the regions between the metal and the photonic crystal. The crystal region supports a single-mode cavity created by placing an additional dielectric rod (" 12:25). The cavity has its resonant frequency ! c placed in the oneway frequency range of the waveguides. Additional dielectric scatterers are placed on both sides of the crystal to increase waveguide-cavity coupling. The overall structure has mirror symmetry in both the vertical and horizontal directions, which is important for maximizing transfer efficiency [24] .
When external magnetic field is present, at the resonant frequency, complete transfer between the waveguides occurs [ Fig. 4(d) ]. Also, when the magnetic-field directions between the two metal regions are the same, the two waveguides have opposite propagation directions due to their orientations. Consequently, the transfer occurs only to the backward direction of the output waveguide [ Fig. 4(d) ]. By reversing the direction of the external magnetic field applied to the upper metal region, the propagation direction of the upper waveguide is reversed, and the wave then transfers completely to the opposite direction [ Fig. 4(e) ]. The simulations therefore suggest a novel plasmon switch using external magnetic field. In contrast, in the absence of external magnetic field, the structure has significant output to all four ports [ Fig. 4(f) ].
Up to now we have considered lossless structures, where the modes in the one-way frequency range have real wave vectors f in the forward direction and purely imaginary wave vectors b in the backward direction. In the presence   FIG. 3 (color online) . (a) Magnetic-field distribution of a propagating wave. Light is incident from the left. The color table is the same as in Fig. 2(c) . The waveguide structure is similar to Fig. 1(a) except for the presence of scatterers that consist of metallic particles with a length and width of 0:11 P and 0:07 P , respectively. (b),(c) Transmission spectra with one or three particles, respectively. The three-particle structure is shown in (a). The one-particle structure is the same as (a) except that only the middle particle is present. Solid and dashed lines correspond to the cases of ! B 0:1! P and ! B 0. of loss, both f and b become complex. However, for a realistic loss parameter of 1 0:01! P , which is appropriate for gold, the forward modes are significantly underdamped, i.e., Re f Im f , while the backward modes are strongly overdamped, i.e., Re b Im b . Numerical simulation reveals that such a waveguide therefore still provides significant backreflection suppression in the presence of disorders, due to large impedance mismatch between forward and backward modes.
In our design, the one-way bandwidth is proportional to the strength of the external magnetic field. Assuming a static field of 1 Tesla, this range has a width of 28 GHz, which is sizable in the optical wavelength range. Moreover, by using metamaterials with an effective plasmon frequency in the GHz range [25] , the predicted effects may be observed in microwave frequency ranges using a more modest static magnetic field. Finally, unlike most magnetooptical materials, metals are widely used in standard optoelectronic chips, considering plasmonic structures for nonreciprocal applications thus may be of practical interests in general. 
